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• Discovery of Higgs boson as the last building block in the 
Standard Model
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Triumph of Standard Model

symmetrymagazine.org

The Standard Model of Particle Physics

The Standard Model is a kind of periodic table of the elements for
particle physics. But instead of listing the chemical elements, it
lists the fundamental particles that make up the atoms that make
up the chemical elements, along with any other particles that
cannot be broken down into any smaller pieces.

The complete Standard Model took a long time to build. Physicist
J.J. Thomson discovered the electron in 1897, and scientists at the
Large Hadron Collider found the final piece of the puzzle, the Higgs
boson, in 2012.

Use this interactive graphic to explore the different particles that
make up the building blocks of our universe.

Return to symmetry article
symmetrymagazine.org

• … still so many questions to 
which SM cannot answer 
• Mechanism behind electroweak 

symmetry breaking 
• Dark matter 
• Neutrino mass 
• Matter-antimatter asymmetry in our 

universe 
• … 

➡ Need new physics beyond 
SM!
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• Unfortunately, no signal of new physics found at LHC 
• Energy scale of new physics is not known yet 
• No guarantee for direct production in colliders 

• Need alternative approaches to explore new physics including 
precision measurements to find a deviation from SM by 
exploiting existing probes; 
• Higgs boson 
• Top quark 
• Electroweak bosons

4

How to Explore New Physics?

→Lepton collider as a precision machine! 
(would also work as a discovery machine for new particles)
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ILC Project Parameters Value

C.M.		Energy 500	GeV

Peak	luminosity 1.8	x1034	cm-2s-1

Beam	Rep.	rate 5	Hz

Pulse	duraGon 0.73	ms

Average	current 5.8	mA	(in	pulse)

FF	beam	size	(y) 5.9	nm

E	gradient	in	SCRF	
acc.	cavity

31.5	MV/m	+/-20% 
Q0	=	1E10

ILC baseline parameters

• International Linear Collider (ILC) 
• Proposed ~31km electron-positron linear collider 
• Centre-of-mass energy: 200-500GeV (upgradable 

to 1TeV) 
• High precision studies in clean environment 
• Polarised electron/positron 
• Energy scan
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Why e+e-?

2.3 The detector performance requirements
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Figure 2.1: Production cross-sections for several representative processes at hadron colliders
(left) and e+e− colliders (right), as a function of the machine center-of-mass energy.

• Excellent energy and momentum resolution. At the LHC, a mass resolution of
∼ 1% for particles of masses up to a few hundreds GeV decaying into photons,
electrons or muons is needed, for instance to extract a possible H → γγ signal
on top of the irreducible γγ background.

At a LC, an excellent track momentum resolution is required in particular to
measure the di-lepton mass, and hence the mass of the recoiling system, in the
HZ process with Z → ℓℓ. This should give access to the detection and study of
Higgs production independently of the Higgs decay modes. The goal momen-
tum resolution of σ(1/pT ) ≤ 5 ·10−5 (GeV/c)−1, which is needed to suppress the
combinatorial background, calls for large tracking volumes and high magnetic
fields (∼4 T).

Accurate energy flow measurements is also a must at a LC. Indeed, most sig-
natures from new physics involve final states with many jets, coming e.g. from
top-quark or multiple W and Z production and decays. These jets must be effi-
ciently and precisely reconstructed in order to reduce the backgrounds. In addi-
tion, enhanced beamstrahlung, as compared to previous e+e− colliders, render
the kinematic constraints from the knowledge of the initial state weaker than
in the past, which puts more weight on energy measurements provided by the
detector. The goal energy-flow resolution for hadronic event is σ/E ∼ 30%/

√
E,

which is necessary e.g. to separate hadronic W and Z decays. This in turn
requires a fine 3-dimensional detector granularity, a coil located outside the

35

arXiv:hep-ph/0410364

• Clean environment without QCD BG 
• Well defined initial sates 
• Direct observation of fundamental process 

• Looks as if Feynman diagram is directly observed!
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• Limitation for circular lepton collider 
• Huge energy loss due to synchrotron radiation 
• 250GeV loss for 210GeV (LEP) 

• Solutions 
• Particle with larger mass → Hadron collider (LHC) 
• Larger R → Very expensive (FCC-ee) 
• Infinite R → Liner collider (ILC) 

• Advantages of linear collider 
• Increase beam energy by extending linac length 
• Beam polarisation

7

Why Linear?

ΔE∝
E4

m4R

©NSRRC
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ILC Physics at Different Energies

の測定器提案：ILD と SiD（図 13）は、これらの長所
を最大限に活かす設計となっている。これらの測定器

図 13: ILC 実験のための２つの測定器提案：ILD (左)

と SiD (右)。

は、全ての事象をクォーク、レプトン、ゲージボソン、
ヒッグスボソン等、基本粒子のレベルで再構成し、あ
たかもファイマン図を見るがごとくに反応を調べると
いう、さらに野心的な目標を掲げている。そのため、
これらの測定器は、ともに一次反応点、二次および三
次反応点を検出する事で b-クォーク、c-クォークの同
定を可能とする高性能反応点検出器、それに高分解能
荷電粒子飛跡検出器、高細密度カロリメータを組み合
わせた粒子流解析（Particle Flow Analysis：PFA）に
最適化されている。PFA を用いたジェット不変質量測
定により、W、Z、t、そして H を弁別する（図 14）。
さらに立体角をビーム軸に向かい O (10mrad) あるい
はそれ以下の角度まで隙間なくカバーする事でニュー
トリノなど不可視粒子を運動量欠損として間接的に検
出する。ILD も SiD も全てのカロリメータを測定器
ソレノイドの内側に格納している点に注意してもらい
たい。これは、PFA 性能を悪化させる物質量を最小
化するだけでなく、隙間なく立体角をカバーするため
にも必要なのである。
ビーム偏極の重要性を強調しておく事も重要である。
例えば、e+e− → W+W− 反応を考えてみよう。ILC

で実験するような高いエネルギーでは，電弱対称性：
SU(2)L ⊗U(1)Y が近似的に回復する。その結果、こ
の反応は、s-チャンネルW3交換と t-チャンネル νe 交
換の２つのダイアグラムを通じて起こると見なせる。
ところが、W3も νe も左巻き電子にのみ結合する。そ
こで、ビームに含まれる右巻き電子はこの反応に寄与
しなくなる。これは、ILC における最も重要なヒッグ
ス粒子生成反応の１つ：e+e− → νeν̄eH（WW -融合
１ヒッグス生成過程）の場合にも言える。電子ビーム
が 80% 左巻きに編曲しており、また、陽電子ビーム
が 30% 右巻きに偏極していれば、この WW -融合過
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図 14: ジェットモードでの基本粒子の検出

程の断面積は、無偏極の場合の 2.34 倍になる。よう
にビーム偏極は極めて重要な役割を果たす。

4.2 何故 250 から 500GeV なのか?

第一期 ILC は、重心系エネルギー 250GeV から
500GeV をカバーする電子・陽電子コライダーであ
る。このエネルギー領域を選択する理由は、そこに以
下に述べる３つの重要なエネルギーしきい値が含まれ
るためである。第１のしきい値は √
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図 15: 何故 250-500GeV？ ３つのエネルギーしき
い値。

にある。ここでは、e+e− → Zh 反応がその断面積の
最大値に達する。この反応は、ヒッグス粒子の質量、

㸯㸫 ��

can we still do great physics at 250 GeV?

• WW-fusion is smaller by x10 than 500 GeV
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�H =
�HWW

Br(H ! WW �)
/ g2

HWW

Br(H ! WW �)

Figure 2: Standard Model cross section of the dominant Higgs production channels
at di↵erent collision energies at the ILC. The polarization is assumed to be 80% for
the electron beam and 30% for the positron beam.

4.1 The Recoil Method

The exact determination of the Higgs production rate is one of the key measurements
that enables the unprecedented precision in mapping out the Higgs sector at the ILC.
The low background and the ability to determine the collision energy at the ILC
to a high degree of accuracy allows measuring the cross section of ZH production
independently of the H decay in the so-called recoil technique. The Z decay to a pair
of leptons can be reconstructed very cleanly, due to the well-known mass of the Z
boson and the high momentum resolution of the tracking detectors. A fit to the recoil
mass mrec = ((

p
s � EZ)

2 � p
2

Z)
1/2 allows the measurement of the ZH cross section

without reconstructing decays of the Higgs boson. This technique is applicable at
any collision energy, but it has the lowest uncertainty near threshold, where the e↵ect
of the finite spread of the collision energy due to beam–beam interaction is smallest.
Recent studies have demonstrated that the bias on the cross section measurement
from assumptions about the Higgs decay model can be held to less than 0.1% in the
leptonic recoil mode [6].

4.2 Invisible Higgs Decays

Higgs decays to invisible final states proceed in the Standard Model through the
decay H ! ZZ⇤, where each Z boson in turn decays to a pair of neutrinos. The
branching fraction for this decay is 0.1% [7]. Weakly interacting massive particles,

3

• Three important thresholds for centre-of-
mass energy 
• 250GeV: Precision Higgs measurement with e+e-→Zh 
• 350GeV: Top physics with top pair production 
• 500GeV: Higgs self-coupling with e+e-→Zhh/e+e-→ννhh 

• Discovery potential of new particles beyond 
SM at any energy
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• Increase cross section 
• Higgs production via ννH (VBF) is increased by ×2.34 for (e-, e+) + (-0.8, +0.3) 

• Background suppression 
• Turn-off W with right-handed electron  

• Select intermediate state

9

Power of Polarisation

の測定器提案：ILD と SiD（図 13）は、これらの長所
を最大限に活かす設計となっている。これらの測定器
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Global Organisation for ILC/CLIC
ICFA

Chair: J. Mnich

LCB
Chair: T. Nakada

LCC Director
Lyn Evans

Physics & 
Detectors

Associate Director: 
Jim Brau

ILC
Associate Director: 

Shin Michizono

LCCKEK ILC 
Promotion

Office

CLIC
Collaboration

Public 
Relations

FALC
Chair: G. Blair

Deputy
Hitoshi Murayama

CLIC
Associate Director: 

Steinar Stapnes

LCC	organized	in	2013
New	3-year	mandate	from	2017

Funding	Agencies
for	Large	Colliders

International	Committee
For	Future	Accelerators

Linear	Collider	 Board
2012-

Linear	Collider	 Collaboration

The	ILC	is	a	truly	global	project
that	ICFA	is	overseeing.
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• Statements from Japanese Association of High Energy 
Physicists (JAHEP) 
• In February 2012, in the final report of the subcommittee on 

future projects of high energy physics 
“Should a new particle such as a Higgs boson with a mass below 
approximately 1 TeV be confirmed at LHC, Japan should take the leadership 
role in an early realization of an e+e- linear collider. In particular, if the particle is 
light, experiments at low collision energy should be started at the earliest 
possible time. ” 

• In October 2012, right after the discovery of Higgs 
• A Proposal for a Phased Execution of the International Linear Collider Project 

11

Statements from Japanese HEP Community in 2012

Japanese HEP Community proposed to host ILC 
in Japan as a global project
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Supports from the World

13

European Strategy approved by CERN Council,  EC June 2013   
Chair: Tatsuya Nakada (Swiss Federal Institute of Technology Lausanne) 

Supports from the World

Asia  ACFA-HEP Statement on ILC
Chair: Mitsuaki Nozaki (KEK)   July 2013 

USA	
Particle Physics Project Prioritization Panel (P5) Report, May 2014
Chair:	Steve	Ritz	(UC	Santa	Cruz)

Courtesy of K. Kawagoe
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• Kitakami-mountain in north of main island of Japan 
• Site-specific machine design is being developed

13

Candidate Site in Japan

Oshu

Ichinoseki

Ofunato

Kesen-numaSendai

IP Region

Earthquake-proof stable 
bedrock of granite.      
No faults cross the line.



central area (~10km away)

14 Courtesy of T. Sanuki



15 Courtesy of T. Sanuki
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• Accelerator 
• Polarised electrons/positrons 
• Low emittance beam at damping ring 
• Main linac based on Superconducting Radio Frequency (SCRF) 
• Nanometer beams at final focusing 

• Detector 
• High-precision detector based on particle flow calorimetry 
• Two detectors with push-pull operation 

• Technical Design Report (TDR) published in 2013

17

Key Technologies for ILC

ILD SiD

→ILC is technically ready for construction!
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• Main linac 
• Superconducting RF cavity made of Nb 
• Average field gradient: 31.5MV/m±20% 
• Q0~1010 

• Yield of cavity production ~90%→ need 
to produce 17,600 cavities 
→Need industrialisation

18

Superconducting RF Technologies

~1,800 × Cryo-modules

~16,000 × Cavities

~400 × Krystron

Rotating magnetic field 

Electric field on center axis 

Rf input coupler to transmit the rf 
power to the cavity 

2K liquid He 

17 

RF field inside the superconducting rf cavity 

2017 ICFA seminar (Nov. 8, 2017) 
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• Requirements for cavity gradient 
• >35MV/m for vertical test 
• >31.5MV/m for cryomodule test

19

SRF Cavity

AMTF	@DESY/E-XFEL,	CM STF-CFF	@	KEK ASTA	@	FNAL,	TEDF	@		JLab

FNAL/ILCTA,	ANL
Cornell

JLAB
KEK

DESY,	E-XFEL

SLAC,		LCLS-II
CEA-Saclay,	
LAL-Orsay

IHEP,	PKU

RRCAT

Directions Transportation JLab Site Map

Accomodations Schedule a Tour International Visitors

An overhead view of Jefferson Lab. To the right is the racetrack outline of the lab's  accelerator,
while at the bottom right the lab's experimental halls are visible as three round mounds. The two
white buildings (center) are part of the TEDF, now under construction. The white building to the
left is the EEL building.

 

A D D I T I O N A L    L I N K S:

 

 

VISITING JEFFERSON LAB
Jefferson Lab is located in Newport News on the
southeastern coast of Virginia in an area known as
Hampton Roads.

Situated between Norfolk and Williamsburg, Newport
News is easily accessible by air, automobile and train.

Jefferson Lab is one of 17 national laboratories funded by
the U.S. Department of Energy. It is a user facility,
meaning its unique research tools are available to
scientists and college students from around the world.

Currently, more than 1,300 users are engaged in research
at the lab. Jefferson Lab also has more than 800
employees and contractors, who share work space and
research facilities with users on the lab’s 206-acre
campus.

The lab is managed and operated by Jefferson Science
Associates, LLC, a partnership between the Southeastern
Universities Research Association (SURA) and Computer
Sciences Corporation (CSC).

For the public, Jefferson Lab holds an Open House every
other year - opening many of its unique work and research
areas. The last Open House took place on Saturday, May
17 2014.

To schedule a tour and see open tour dates click here.

 

 

-- Visiting JLab

TRIUMF

STF2,	Individual	 cavity	
Gradient		~	35	MV/m

Cryomodule test	at	Fermilab
reached	<	31.5	>	MV/m,	
exceeding	ILC	specification

Technology	globally	matured	to	realize	ILC

Ø 800		cavities	are	completed	
with	<	30	MV/m	> 9

Courtesy of K. Kawagoe
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• Same SRF technology as ILC 
• ~1km SC Linac with E=17.5GeV 
• 23.6MV/m (1.3GHz) 
• ×100 cryomodules, ×800 SRF cavities 

• Cavity production by RI and Zanon 
• Assembled and tested at CEA-Sacray 

and DESY 
• ×1/20 scale w.r.t. ILC (500GeV)
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European XFEL

• Commissioning started in 2017 
• Excellent precursor for ILC!



W.Ootani, “International Linear Collider (ILC) - Project Status and Plan”, PSI Colloquium, Dec. 7th, 2017, PSI 21

Recent Breakthrough for Higher GradientA breakthrough for Higher acc. gradient  

2017 ICFA seminar (Nov. 8, 2017) 29 
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Courtesy of S. Michizono
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• Vertical beam size at IP 
• Goal at ILC: 6nm 
• R&D on final beam focusing technologies at KEK-ATF/ATF2 
• Goal at ILC (6nm) ↔ Goal at ATF2 (37nm), considering dependence of beam energy

22

Nano-beam Technology

Nanometer beam technologies for ILC 
has been developed at ATF/ATF2 
� Key of the luminosity maintenance  
� 6 nm beam at IP (ILC) 

ATF/ATF2: Accelerator Test Facility@KEK 

1.3 GeV S-band Electron LINAC (~70m) 

Damping Ring (~140m) 
Low emittance electron beam 

ATF2: Final Focus Test Beamline 
Establish the ILC final focus method with 
same optics and comparable beamline 
tolerances 

2017 ICFA seminar (Nov. 8, 2017) 21 

Av. vertical beam size of 41nm achieved (2016)!

N.B. 6nm at ILC (goal) ↔ 37nm at ATF2



W.Ootani, “International Linear Collider (ILC) - Project Status and Plan”, PSI Colloquium, Dec. 7th, 2017, PSI 23

ILC Detectors

• Silicon Detector (SiD) 
• Cost-constrained detector with 5T B-field and 

silicon tracking 
• Time-stamping on single bunch crossings 
• High granularity calorimeter optimised for particle 

flow analysis 

• International Large Detector (ILD) 
• Large detector optimised for good energy and 

momentum resolution 
• Tracking with Time Projection Chamber (TPC) for 

excellent pattern recognition an dE/dx capability 
• High granularity calorimeter optimised for particle 

flow analysis

• Two detector concepts for ILC 
• SiD & ILD 
• Both designs optimised for particle flow 

calorimetry for the best jet energy reconstruction 
• Push-pull operation

SiD ILD
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• Typical composition of jet 
• Charged particles (av. energy fraction 64%) 
• Photons (av. energy fraction 25%) 
• Neutral hadrons (av. energy fraction 11%) 

• Conventional calorimetry 
• All jet energy measured with ECAL+HCAL 
• ~70% of energy measured in HCAL where energy resolution is intrinsically limited  

• Particle flow calorimetry 
• Measurements with best suited detectors depending on particle type! 
• Charged particles → tracker 
• Photon →  ECAL 
• Neutral hadrons → HCAL

24

Particle Flow Calorimetry
MC

Particle Flow Calorimetry Felix Sefkow   

Ideal jet energy resolution

• Numerical example: Ejet = 100 GeV 
– photons 30 GeV 
– hadrons 70 GeV 

• charged particles 60 GeV 
• neutral hadrons 10 GeV 

• Classical case 
• Ejet = EECAL + EHCAL  
• σjet = 15% √30 ⊕ 55% √70 =                 

0.8 ⊕ 4.6 = 4.7 = 47% √100 

• Particle flow case: 
• Ejet = Etracks + Ephotons + Eneutr.had 
• σjet = 0 ⊕ 15% √30 ⊕ 55% √10 = 

0.8 ⊕ 1.7 = 1.9 = 19% / √100
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Performance of subdetectors

Conventional calorimetry Particle flow calorimetry 
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• Reconstruction of four-vectors of all visible particles in a jet 
requires 
• Highly granular calorimeters  
• High precision tracker

25

Particle Flow Calorimetry

Mark Thomson 8

The output… reconstructed particles

100 GeV Jet

neutral hadron
charged hadronphoton

Ø If it all works…
� Reconstruct the individual 

particles in the event.
� Calorimeter energy resolution

not critical: most energy in
form of tracks.

� Level of mistakes in associating 
hits with particles, dominates   
jet energy resolution.

CERN, 17/2/2011

(a) Momentum resolution.

Efficiency
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(b) Flavour tagging performance.

Fig. 3. ILD tracking system performance.

Fig. 4. Jet energy resolution achieved in ILD full detector simulations with
particle flow algorithms.

a gas-based system with 1 ⇥ 1 cm2 cells and a semi-digital
readout. The high granularity of the calorimeter system is a
pre-requisite for the application of particle flow algorithms to
ILD.

III. PARTICLE FLOW PERFORMANCE

The particle flow concept used for ILD is based on the
philosophy to reconstruct all particles in a event, especially
in multi-jet topologies, using the most precise detector ele-
ment [4]. At ILC energies, typical events are hadronic final
states from Z and W particles. The composition of the jets is
typically so that 60% of the final state particles are charged,
around 30% are photons and around 10% are neutral long
lived hadrons. The charged particles are best reconstructed
using the tracking system where the momentum resolution is
much better than the energy resolution of the calorimeters. The
theoretical best total jet energy resolution is then given by:

�2(Ejet) = !tr�
2
tr + !��

2
� + !h0�2

h0

where !i are the relative weights of the jet compositions
for charged particles (tr), photons (�) and neutral hadrons
(h0) and �i are the corresponding detector resolutions. In
reality, this ideal resolution is deteriorated by many effects.
The biggest ones stem from confusion, where the proper
assignment of tracks and calorimeter clusters is not perfect
so that contributions from charged particles are added to the
neutral energies and vice versa. This is even more difficult
when realistic detectors with dead zones, realistic acceptances
and assumptions about resolution errors are taken into account.
It is a major milestone in the detector developments for
the ILC, that realistic detector simulation models that have
been benchmarked with prototypes at test beam experiments
have been used to develop and challenge the particle flow
algorithms [5]. The ILD simulations show (Figure 4) that jet
energy resolutions of �E/E ⇠ 3 � 4% at multi jet events
at 500 GeV collision energies are realistic. That would be
sufficient, to e.g. separate the hadronic decays from Ws and
Zs.

IV. CONCLUSION

The International Large Detector is a proposed detector con-
cept for the future International Linear Collider. The detector
design is optimised for particle flow based reconstruction using
sub-detector components of unprecedented precision. Techno-
logical prototypes of the major sub-detectors have proven the
design philosophy of this advanced detector concept.
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Particle flow reconstruction
Expected Jet energy resolution

3-4% jet energy resolutions!

# of ch ECAL HCAL
ILD 100M 10M
LHC 76k(CMS) 10k(ATLAS)
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• Vertex detector 
• Silicon pixel  
• σIP=5μm⊕10μm/psin3/2θ 

• Tracking 
• Inner and outer silicon layers 
• TPC central tracker 
• High resolution, low mass, dE/dx particle ID 
• σ(1/pT)=2×10-5 GeV-1 

• Calorimeters 
• High granularity for particle flow calorimetry (ECAL:0.5cm, 108 cells, HCAL:1-3cm, 

107-108cells) 
• Unprecedented jet energy resolution: 3-4% multi-jet events at 500GeV  
• Both design optimised for particle flow calorimetry

26

Particle Flow Detector ILD
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• Various technology options under study by international collaborations

27

Sub-detector Technologies
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High Granularity Hadronic Calorimeters

MC

New AHCAL prototype Felix Sefkow   March 23, 2017

Progress in SiPMs and tile design

• SiPMs sensitive to blue light → no need for WLS fibres 
• New generation of industrial SiPMs: drastically improved 

over the past years 
– Dramatically reduced dark rate and increased photon 

detection efficiency 
– Better signal-to-noise ratio, allows simpler tile design 
– After-pulses and inter-pixel cross-talk largely reduced 
– Noise rate decreases quickly with threshold, much more 

stable operation 
• Excellent uniformity (operating voltage, gain) 

– Simplified calibration  
• High over-voltage operation 

– Reduced temperature sensitivity
4

Surface mounted SiPMs & tiles 
• with MPPC SiPMs 2700 px

Physics prototype
2006 - 2011

Technological prototype

Old ITEP tiles with WLS fibre 
1200 px SiPMs Suitable for automated mass assembly

For comparison: SiPMs in physics  
prototype 2 MHz dark rate, 30% cross talk

MC

Particle Flow Calorimetry Felix Sefkow     Tokyo, March 11, 2016 

MC

AHCAL Developments  Felix Sefkow     CERN, February 5, 2014

MC

Felix Sefkow   

Industrialisation: Numbers!

• The AHCAL 

• 60 sub-modules 

• 3000 layers 

• 10,000 slabs 

• 60,000 HBUs 

• 200’000 ASICs 

• 8,000,000 tiles and SiPMs

75

• One year 

• 46 weeks 

• 230 days 

• 2000 hours 

• 100,000 minutes 

• 7,000,000 seconds

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 16/16

Conclusions and Outlook

preparations for a full engineering prototype:

> multi-layer DAQ: first version running, next steps:
 integration of LDA
 switch to HDMI readout

> work on quality assurance & infrastructure

> more hardware, especially tiles+SiPMs, 
in production

next testbeams at DESY:
> 1 week in October 2013
> 11 days in December 2013
> 2 weeks in January 2014

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 3/16

going from 1 HBU to a detector prototype: 1D 

> single HBUs extensively tested and calibrated in lab
> cross check the calibration and the uniformity of all channels on one 

chip with MIPs in testbeam
> operation of a slab with 6 HBUs
> power pulsing with a full slab: started (more details in talk by S. Chen)

Mathias Reinecke  |  CALICE meeting  |  Sept. 10th, 2013  |  Page 5 

New 8 HBU2 boards 

> All 8 new HBU2s have been tested 
and work fine. 

> Problem: Significant spread of board 
dimensions within the 8 boards. 
Landmarks differ up to 0.4mm 
(0.1mm was specified). 

> Problems during PCB assembly and 
with the steel cassettes (individual 
cassettes needed). 

> From the discussion with PCB manufacturer: For the next order, there will be 
a pre-compensation process step for the inner pcb layers before the pressing 
operation. This will solve the problem as it did for the first 6 HBUs.   

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 14/16

Going mass production: more tiles+SiPMs

> ITEP produced direct-readout tiles (+ Ketek 
SiPMs with 12100 pixels) for 2 HBUs, 
paperwork ongoing

> NIU: 1 HBU with top-view SiPMs being tested
> Uni HH produced direct-readout tiles for 

8 HBUs, Ketek SiPMs with 2300 pixels for 
8 HBUs delivered and being tested now
(more details in talk by K. Briggl)

> expect Hamamatsu MPPCs for 4 HBUs from 
Japan, ITEP agreed to produce direct-readout 
tiles 

> mass assembly: talk by P. Chau
> testing several different options now, but for

practical reasons will need to converge to
1 or 2 for larger prototypes (but this will not be 
an advance decision for ILD calo)

ITEP

Uni HH

Mathias Reinecke  |  CALICE main meeting  |  Mar. 22nd, 2017  |  Page 4 

Large Scale Hardware Production 

> Large scale production: 

� 160 HBUs with SP2E in BGA and 23k Hamamatsu 
S13360-1325PE – in two steps of 80 HBUs 

� 50 DAQ interface modules (DIF, CALIB, POWER, 
CIB). 

> Widely shared electronics production:  

� SP2E ASICS: Omega; Chip-test: Uni Wuppertal 

� Tiles: Uniplast (Russia); Tile-check, wrapping: Uni 
Hamburg; Tile Assembly, cosmics tests: Uni Mainz. 

� MPPC sample test: Uni Heidelberg. 

� Tile checks, cassettes, small stack power supply: 
MPI München 

� PCBs, initial test, cassettes, module assembly, 
commissioning/calibration: DESY 

> Assembly steps for series production required!   

> Modules expected Aug./Sep. 2017 

HBU5_BGA 

MC

New AHCAL prototype Felix Sefkow   March 23, 2017

Electronics and assembly
• Fully integrated electronics for mass production  
• Latest generation read-out ASIC SPIROC2E successfully tested 

– reduced power consumption and many improvements  
• BGA package of ASIC leads to significant PCB cost reduction and easier soldering 
• HBU designed for surface mounted SiPMs & suitable for automated tile assembly 

• LED driver circuit improved channel uniformity: minimise time for test and 
calibration runs 

• Tile assembly and cosmic test procedures established

5

HCAL Base Unit (HBU) Pick-and-place machine

Tested in beam. Works perfectly! Now used routinely

Mathias Reinecke  |  HGCAL technology meeting  |  March 1st, 2017  |  Page 2 

Outline 

> AHCAL PCB concept. 

> PCB production experiences. 

> First considerations for HGCAL 
PCBs.  

SP2E in BGA on HBU5 

MC

Particle Flow Calorimetry Felix Sefkow     Tokyo, March 11, 2016 

MC

AHCAL Developments  Felix Sefkow     CERN, February 5, 2014
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Felix Sefkow   

Industrialisation: Numbers!

• The AHCAL 

• 60 sub-modules 

• 3000 layers 

• 10,000 slabs 

• 60,000 HBUs 

• 200’000 ASICs 

• 8,000,000 tiles and SiPMs

75

• One year 

• 46 weeks 

• 230 days 

• 2000 hours 

• 100,000 minutes 

• 7,000,000 seconds

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 16/16

Conclusions and Outlook

preparations for a full engineering prototype:

> multi-layer DAQ: first version running, next steps:
 integration of LDA
 switch to HDMI readout

> work on quality assurance & infrastructure

> more hardware, especially tiles+SiPMs, 
in production

next testbeams at DESY:
> 1 week in October 2013
> 11 days in December 2013
> 2 weeks in January 2014

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 3/16

going from 1 HBU to a detector prototype: 1D 

> single HBUs extensively tested and calibrated in lab
> cross check the calibration and the uniformity of all channels on one 

chip with MIPs in testbeam
> operation of a slab with 6 HBUs
> power pulsing with a full slab: started (more details in talk by S. Chen)

Mathias Reinecke  |  CALICE meeting  |  Sept. 10th, 2013  |  Page 5 

New 8 HBU2 boards 

> All 8 new HBU2s have been tested 
and work fine. 

> Problem: Significant spread of board 
dimensions within the 8 boards. 
Landmarks differ up to 0.4mm 
(0.1mm was specified). 

> Problems during PCB assembly and 
with the steel cassettes (individual 
cassettes needed). 

> From the discussion with PCB manufacturer: For the next order, there will be 
a pre-compensation process step for the inner pcb layers before the pressing 
operation. This will solve the problem as it did for the first 6 HBUs.   

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 14/16

Going mass production: more tiles+SiPMs

> ITEP produced direct-readout tiles (+ Ketek 
SiPMs with 12100 pixels) for 2 HBUs, 
paperwork ongoing

> NIU: 1 HBU with top-view SiPMs being tested
> Uni HH produced direct-readout tiles for 

8 HBUs, Ketek SiPMs with 2300 pixels for 
8 HBUs delivered and being tested now
(more details in talk by K. Briggl)

> expect Hamamatsu MPPCs for 4 HBUs from 
Japan, ITEP agreed to produce direct-readout 
tiles 

> mass assembly: talk by P. Chau
> testing several different options now, but for

practical reasons will need to converge to
1 or 2 for larger prototypes (but this will not be 
an advance decision for ILD calo)

ITEP

Uni HH

MC

Particle Flow Calorimetry Felix Sefkow     Tokyo, March 11, 2016 

MC

AHCAL Developments  Felix Sefkow     CERN, February 5, 2014

MC

Felix Sefkow   

Industrialisation: Numbers!

• The AHCAL 

• 60 sub-modules 

• 3000 layers 

• 10,000 slabs 

• 60,000 HBUs 

• 200’000 ASICs 

• 8,000,000 tiles and SiPMs

75

• One year 

• 46 weeks 

• 230 days 

• 2000 hours 

• 100,000 minutes 

• 7,000,000 seconds

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 16/16

Conclusions and Outlook

preparations for a full engineering prototype:

> multi-layer DAQ: first version running, next steps:
 integration of LDA
 switch to HDMI readout

> work on quality assurance & infrastructure

> more hardware, especially tiles+SiPMs, 
in production

next testbeams at DESY:
> 1 week in October 2013
> 11 days in December 2013
> 2 weeks in January 2014

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 3/16

going from 1 HBU to a detector prototype: 1D 

> single HBUs extensively tested and calibrated in lab
> cross check the calibration and the uniformity of all channels on one 

chip with MIPs in testbeam
> operation of a slab with 6 HBUs
> power pulsing with a full slab: started (more details in talk by S. Chen)

Mathias Reinecke  |  CALICE meeting  |  Sept. 10th, 2013  |  Page 5 

New 8 HBU2 boards 

> All 8 new HBU2s have been tested 
and work fine. 

> Problem: Significant spread of board 
dimensions within the 8 boards. 
Landmarks differ up to 0.4mm 
(0.1mm was specified). 

> Problems during PCB assembly and 
with the steel cassettes (individual 
cassettes needed). 

> From the discussion with PCB manufacturer: For the next order, there will be 
a pre-compensation process step for the inner pcb layers before the pressing 
operation. This will solve the problem as it did for the first 6 HBUs.   

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 14/16

Going mass production: more tiles+SiPMs
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SiPMs with 12100 pixels) for 2 HBUs, 
paperwork ongoing
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ITEP

Uni HH

2×16 wedges 48 layers × 3 slabs

6 HBUs
4 ASICs

144 tiles

• Analogue Hadron CALorimeter (AHCAL) 
• 8×106 square scintillator tiles (30×30×3mm3 each) readout by SiPM (~1.3×1.3mm2)  
• 48 layers (scintillator active layer + steel/tungsten absorber layer) 
• Fully integrated readout electronics 

• Excellent performance demonstrated in physics prototype 
• Now working with technological prototypes 

• Demonstrated scalability to full detector layout 



W.Ootani, “International Linear Collider (ILC) - Project Status and Plan”, PSI Colloquium, Dec. 7th, 2017, PSI 29

AHCAL Large Prototype

MC

New AHCAL prototype Felix Sefkow   March 23, 2017

Temperature	coefficients	

31.1.2017	 AHCAL	MeeCng		 8	

•  Example	plot	for	single	channel	
•  All	fits	add	good	chi2	

•  The	temperature	coefficients	has	very	
small	spread	(below	1mv)	

•  Mean	value	56mv/k	~	50mv/k	ok!	

Status as of today

• MPPCs: first 600 delivered 
– characterised at U Heidelberg  

• excellent uniformity 
– mounted on PCBs, awaiting tiles 
– 11'400 more in April, 12'000 in May 

• Tiles: 28’000 from Moscow delivered to DESY 
– first 144 to be wrapped manually 
– wrapping machine in preparation at U Hamburg 

• ASICs: 400 @ DESY, 400 more to be packaged

15

QA	of	SiPMs	@	Heidelberg	

AHCAL	Main	Mee7ng	
31.1.2017	

Yonathan	Munwes	
Konrad	Briggl	
Patrick	Eckert	

24.01.2017Stephan Martens4 Detector Development: Automatic Wrapping Machine 

The new machine – actual state of the construction

Computer-aided design

Fully automatic wrapping

 

An Automatic Wrapping Machine

 as proxy for the hole technical staff
of the group

Particle Physics & Detector Development
Geb. 67a/67b

        

            

Stephan Martens

24.01.2017

 for the AHCAL Scintillator TilesScintillator tiles (injection molding)

Automatic wrapping machine

QA	requirements	

23.3.2017 CALICE	Meeting	 3

• DCR	<	500KHz
• Cross-talk	<	3%
• PDE	(@420nm)	>20%
• Gain	>3x105

• dV/dT <	1%	of	excess	bias	voltage	(~50mv/k)
• Vbd spread	min-max	within	a	batch	200	mV

• From	each	batch	of	600	SiPMs 24	are	tested
• Batch	rejection	if	fails	>	1/24

25oC,	5V	OV

SMD	SiPM	schematic	view

MPPC quality test

MPPC breakdown voltage (Max-Min)

New pick-and-place machine and screen printer 
(glueing) installed (Mainz)

• A full hadronic prototype under construction 
• 48 layers (scintillator active layer + steel/tungsten absorber 

layer) 
• ~23k tiles 
• Fully integrated readout electronics 
• Demonstrate scalability to full detector layout 
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• CMS HGCAL for HL-LHC 
• Complete replacement of CMS endcap calorimeters based on ILC calorimeter 

technology developed by CALICE collaboration 
• Silicon-based calorimeter at ECAL and front HCAL 
• Scintillator-SiPM based calorimeter at rear HCAL 

• Combined test beam experiment with CMS HGCAL and AHCAL (1week in July 2017 at 
CERN SPS)
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Applications of ILC Detector Technologies

AHCAL small prototype

Katja Krüger  |  Report from the Technical Board  |  22 March 2017  |  Page  9/12

Planned Testbeams

> SiECAL at DESY: 2 weeks in June 2017
" intensive studies in the lab ongoing to understand noise problem
• related to re-triggering
• studies of SKIROC2A compared to SKIROC2

" testbeam at DESY planned to test stable running in beam conditions

> SiECAL + SDHCAL at CERN: 1 week in September 2017 at SPS
" complete SDHCAL prototype + some SiECAL layers
" common running of two technological prototypes

> AHCAL at CERN: 1 week in May 2017 at SPS
" test of small EM stack (15 layers) in 3T magnetic field with beam
" tests of components in 2T (without beam) done successfully

> CMS HGCal + AHCAL at CERN: 1 week in July 2017 at SPS
" AHCAL as backing calorimeter of CMS HGCal prototype
• HGCal EE and FH sections with hexagonal silicon sensors
• modified AHCAL EM stack standing in as scintillator                             

HGCal BH: need thicker absorber layers (19 mm → 74mm)
" plan to use EUDAQ

Katja Krüger  | CALICE AHCAL Testbeam at SPS  |  01 June 2017  |  Page  5/6

Outlook

> 12 – 19 July 2017: testbeam as 
prototype of CMS HGCAL backing 
calorimeter

! same hardware except absorber 
stack

! DAQ integration is non-trivial, so 
parasitic muons during NA61 
beam time would be helpful

> ongoing: fully equip large absorber 
stack for measurement of hadron 
showers

! plan to complete this by end of 
this year

! hope for beam time at SPS in 
2018

HGCAL PrototypeCMS HGCAL
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Staged Execution of ILC Project

 

7 

 

3 Variants of the baseline (Options A/B/C) 
3.1 Accelerator configuration  

The accelerator configuration is shown schematically in Figure 3-1. The change 

requests post-TDR are included in the baseline design (TDR update). 

- A reduced ML tunnel cross-section is adopted and the central shield wall is changed 

from 3.5 m to 1.5 m. 

- A vertical shaft access to the detector hall is adopted. 

- A collision timing constraint (required for the undulator source of positrons) is satisfied.  

A TDR-undulator-based positron source is used. This has a collision timing constraint. 

The length of the undulator is changed from 147 m to 231 m to produce positrons using a 

125-GeV-energy beam.  

Only the operation of a 5 Hz linac (not a 10 Hz one as envisaged in the TDR) is 

considered, for maximal cost reduction. The maximal individual cryoline length is 2.5 km ± 

10%, the same as for TDR. The non-staging areas are kept untouched (i.e., the e- source, DR, 

turn-around, bunch compressor, BDS, and IR).  

Option A is a minimal configuration for the ILC250GeV. Option B has a 350-GeV-energy 

tunnel, and the accelerators are located downstream. A simple tunnel is extended upstream 

in Option B. Normal wall finish, air-conditioning, lighting, and water drainage will be installed 

but the central shield wall, AC power line, and cooling water line will not be installed. Option 

C has a 500-GeV-energy tunnel and accelerators are located at the downstream side. 

The average accelerating gradient 31.5MV/m is assumed for each of these options as 

in TDR. The cases where 35MV/m is assumed after successful R&D are named Option A’, B’, 
and C’.  

 

 

3.2 Collision timing constraint 
To collide e-/e+ at the IP, the collision timing constraint in the case of the undulator e+ 

source has to be satisfied. This constraint is schematically shown in Figure 3-2. The following 

relationship should be satisfied:  

(L1+L2+L3)-L4=nxCDR 

We assume that the damping ring circumference remains unchanged (CDR = 3,238.68 

m),though there is still a possibility to change it. 

             

 

Figure 3-1 Staging options. 

 

 

 

 

 

 

 

 

 

TDR update: 

Options B, B’: 350 GeV tunnel 

Options A, A’: 250 GeV tunnel 

Damping Rings

Turnaround & 

Bunch compressors

Options C, C’: 500 GeV tunnel 

• Starting at 250GeV as a “Higgs factory” with a luminosity goal of 2ab-1 (“ILC250”) 
• Significant reduction for initial cost by up to 40% compared to 500GeV ILC (TDR) 
• Proposed by Japanese HEP community 
• Re-evaluation of physics case of ILC at 250GeV by LCC (arXiv:1710.07621) and 

Japanese HEP community (arXiv:1710.08639)

ILC250 should be justified by its own physics case!



W.Ootani, “International Linear Collider (ILC) - Project Status and Plan”, PSI Colloquium, Dec. 7th, 2017, PSI

• Higgs production at 250GeV 
dominated by e+e-→Zh 
• Large and good Higgs sample (~6×105 Zh 

events with 2ab-1)  “Higgs factory” 
• Recoil mass method with e+e-→Zh 

• Any Z-boson with E=110GeV selects recoil 
Higgs regardless of its decay mode (even for 
invisible decay!) 

• Total cross section can be measured  
→Determination of absolute Higgs 
couplings in a model independent way 

• Higgs invisible decay 
• Higgs mass (δmh=14MeV↔250MeV@LHC)
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Higgs Physics at 250GeV

Figure 4: (left) recoil mass spectrum against Z ! µ+µ� for signal e+e� ! Zh and SM
background at 250 GeV [25]; (right) missing mass spectrum for the signal e+e� ! ⌫⌫h, h !
bb and the SM background at 250 GeV [26,27].

All the other couplings (A) or partial decay widths (�AA), e.g. A = b, c, g, ⌧, µ, �,
are then determined as

2
A
/ �AA = �h · BRAA. (10)

As seen above, BRZZ is only measured to 6.7%, so if only the first half of (8) is used,
all Higgs boson couplings (except Z) would have an uncertainty greater than 3%.
BRWW is 10 times larger than BRZZ and so can be measured much more precisely.
For this reason, it is well recognized that in the  formalism the measurement of the
WW fusion cross section �⌫⌫h along with BRWW (using the second half of (8)) is
crucial for measurement of �h and of all A with A 6= Z. The expected precisions
for Higgs boson couplings in the  formalism are given in Table 1. We see that,
at

p
s = 250 GeV, Z is determined very precisely, with accuracy of 0.38%, but

most other A are determined to no better than ⇠ 2% (limited by �⌫⌫h and BRZZ

measurements). An exception is �, which is helped significantly by the fact that the
fit makes use of the expected measurement of BRZZ/BR�� at the HL-LHC.

4.3 Expected precisions for Higgs boson couplings in the EFT formalism

In the EFT formalism, Higgs-Z interaction consists of two distinct Lorentz struc-
tures, shown in (4). As explained in the previous section, (9) is violated by the ⇣Z
terms. Thus, the  formalism is not model-independent, and it is not as general as
the EFT formalism.

However, the EFT formalism allows Higgs boson couplings to be extracted via
a much larger global fit. This fit includes not only the basic observables above but
also additional observables of the reaction e+e� ! Zh, as well as observables of
electroweak precision physics and e+e� ! W+W�. These latter measurements can

15

can we still do great physics at 250 GeV?

• WW-fusion is smaller by x10 than 500 GeV

7

�H =
�HWW

Br(H ! WW �)
/ g2

HWW

Br(H ! WW �)

Figure 2: Standard Model cross section of the dominant Higgs production channels
at di↵erent collision energies at the ILC. The polarization is assumed to be 80% for
the electron beam and 30% for the positron beam.

4.1 The Recoil Method

The exact determination of the Higgs production rate is one of the key measurements
that enables the unprecedented precision in mapping out the Higgs sector at the ILC.
The low background and the ability to determine the collision energy at the ILC
to a high degree of accuracy allows measuring the cross section of ZH production
independently of the H decay in the so-called recoil technique. The Z decay to a pair
of leptons can be reconstructed very cleanly, due to the well-known mass of the Z
boson and the high momentum resolution of the tracking detectors. A fit to the recoil
mass mrec = ((

p
s � EZ)

2 � p
2

Z)
1/2 allows the measurement of the ZH cross section

without reconstructing decays of the Higgs boson. This technique is applicable at
any collision energy, but it has the lowest uncertainty near threshold, where the e↵ect
of the finite spread of the collision energy due to beam–beam interaction is smallest.
Recent studies have demonstrated that the bias on the cross section measurement
from assumptions about the Higgs decay model can be held to less than 0.1% in the
leptonic recoil mode [6].

4.2 Invisible Higgs Decays

Higgs decays to invisible final states proceed in the Standard Model through the
decay H ! ZZ⇤, where each Z boson in turn decays to a pair of neutrinos. The
branching fraction for this decay is 0.1% [7]. Weakly interacting massive particles,

3

の測定器提案：ILD と SiD（図 13）は、これらの長所
を最大限に活かす設計となっている。これらの測定器

図 13: ILC 実験のための２つの測定器提案：ILD (左)

と SiD (右)。

は、全ての事象をクォーク、レプトン、ゲージボソン、
ヒッグスボソン等、基本粒子のレベルで再構成し、あ
たかもファイマン図を見るがごとくに反応を調べると
いう、さらに野心的な目標を掲げている。そのため、
これらの測定器は、ともに一次反応点、二次および三
次反応点を検出する事で b-クォーク、c-クォークの同
定を可能とする高性能反応点検出器、それに高分解能
荷電粒子飛跡検出器、高細密度カロリメータを組み合
わせた粒子流解析（Particle Flow Analysis：PFA）に
最適化されている。PFA を用いたジェット不変質量測
定により、W、Z、t、そして H を弁別する（図 14）。
さらに立体角をビーム軸に向かい O (10mrad) あるい
はそれ以下の角度まで隙間なくカバーする事でニュー
トリノなど不可視粒子を運動量欠損として間接的に検
出する。ILD も SiD も全てのカロリメータを測定器
ソレノイドの内側に格納している点に注意してもらい
たい。これは、PFA 性能を悪化させる物質量を最小
化するだけでなく、隙間なく立体角をカバーするため
にも必要なのである。
ビーム偏極の重要性を強調しておく事も重要である。
例えば、e+e− → W+W− 反応を考えてみよう。ILC

で実験するような高いエネルギーでは，電弱対称性：
SU(2)L ⊗U(1)Y が近似的に回復する。その結果、こ
の反応は、s-チャンネルW3交換と t-チャンネル νe 交
換の２つのダイアグラムを通じて起こると見なせる。
ところが、W3も νe も左巻き電子にのみ結合する。そ
こで、ビームに含まれる右巻き電子はこの反応に寄与
しなくなる。これは、ILC における最も重要なヒッグ
ス粒子生成反応の１つ：e+e− → νeν̄eH（WW -融合
１ヒッグス生成過程）の場合にも言える。電子ビーム
が 80% 左巻きに編曲しており、また、陽電子ビーム
が 30% 右巻きに偏極していれば、この WW -融合過

トップクオークの崩壊
ファイマン図では

W粒子

時間

クオーク

反クオーク
実際に見えるジェットの形は

反クオーク
ジェット

クオーク
ジェット

bクオーク
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W粒子, Z粒子の崩壊
ファイマン図では

W粒子
Z粒子
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図 14: ジェットモードでの基本粒子の検出

程の断面積は、無偏極の場合の 2.34 倍になる。よう
にビーム偏極は極めて重要な役割を果たす。

4.2 何故 250 から 500GeV なのか?

第一期 ILC は、重心系エネルギー 250GeV から
500GeV をカバーする電子・陽電子コライダーであ
る。このエネルギー領域を選択する理由は、そこに以
下に述べる３つの重要なエネルギーしきい値が含まれ
るためである。第１のしきい値は √

s = 250GeV近辺

H
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図 15: 何故 250-500GeV？ ３つのエネルギーしき
い値。

にある。ここでは、e+e− → Zh 反応がその断面積の
最大値に達する。この反応は、ヒッグス粒子の質量、
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• Different pattern of Higgs couplings for different BSM model 
• Distinguish BSM models from observed pattern 

• Need precision <1% for Higgs coupling measurements

34

Higgs Couplings

Courtesy of J. Tian



W.Ootani, “International Linear Collider (ILC) - Project Status and Plan”, PSI Colloquium, Dec. 7th, 2017, PSI

• 1% or better precision is achievable at 250GeV for many couplings 
• A factor of two improvement with energy upgrade to 500GeV
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Higgs Couplings
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Figure 5: Illustration of the Higgs boson coupling uncertainties from fits in the EFT formal-
ism, as presented in Table 1, and comparison of these projections to the results of model-
dependent estimates for HL-LHC uncertainties presented by the ATLAS collaboration [23].
Earlier projections for HL-LHC are summarized in [28].
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• Tripe gauge couplings (TGCs), γW+W- and ZW+W-, can be 
precisely measured at ILC in e+e-→W+W- 
• A precision of ~10-4 expected at ILC250 
• New physics can induce anomalous TGC
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Triple Gauge Couplings

TGC Limits @ 68% CL
0.05− 0 0.05 0.1

γλΔ

γκΔ
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LEP2 ATLAS CMS HL-LHC ILC 250

(a)

TGC Limits @ 68% CL
0.05− 0 0.05

γλΔ

γκΔ
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Z
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LEP2 ILC 250
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Figure 11: TGC precisions for LEP 2, Run1 at LHC, HL-LHC and the ILC at
p
s = 250 GeV

with 2000 fb�1 luminosity (ILC 250) using one parameter fits (a) and for LEP 2 and ILC 250
using three parameter fits (b).

9 Two-fermion production at 250 GeV

At an e+e� collider, the processes e+e� ! ff can be measured with high preci-
sion for any SM fermion species. In the Z pole experiments at LEP and SLC, the
measurement of two-fermion production in various final states gave what are still the
best measurements of the weak mixing angle sin2 ✓w [64]. At higher energies explored
at LEP 2, interference of the s-channel photon and Z diagrams produces order-1
forward-backward and polarization asymmetries. These can be used to probe for new
e↵ects, beyond the SM, that would be seen in interference with the SM contributions.
As for the physics topics presented in the previous two sections, the ILC at 250 GeV
will lead to an improvement by more than an order of magnitude in the sensitivity
to these e↵ects, due to the higher energy, the dramatically larger luminosity, and the
use of beam polarization.

New physics contributions to e+e� ! ff arise in a variety of models. One possible
source is a Z 0 boson. The LEP 2 experiments placed lower limits on the masses of
various types of Z 0 bosons in the range 500–800 GeV (and 1760 GeV for a sequential Z
boson) [65]. The corresponding limits from the 250 GeV ILC would be of order 5 TeV,
comparable to the reach of LHC direct searches. These limits would be improved by
a factor 2 with ILC running at 500 GeV. The ILC searches are specific as to the flavor
of the fermion species, the helicity of the coupling to electrons, and also, through the
polarized forward-backward asymmetry, the helicity of the coupling to the final-state
fermion.

Another possible source of corrections to the SM is the presence of extra dimen-
sions, including the warped extra dimensions proposed in the model of Randall and

34

fitting individual parameters Simultaneous fitting
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• Discovery and discrimination sensitivity for BSM models 
(N.B. BSM models unreachable by HL-LHC chosen)
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Discovery Potential for New Physics
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• Scan over 250,000 points for pMSSM 
• Phys. Rev. D 90(2014)095017 

• δrbb=1.7% at ILC250

38

pMSSM Scan
A closer look at SUSY: pMSSM scan

16

• scan over 250 000 pMSSM points 

• check against direct searches 

• even after HL-LHC projections for 
direct searches, many models with 
sizeable coupling deviations remain! 

• EFT fit ILC 250 GeV: 
δg(hbb) = 1.7% 

• EFT fit ILC H20: 
δg(hbb) = 0.95%

Phys. Rev. D 90, 095017 (2014)
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• Higgs invisible decay to WIMP pair 
• mWIMP < 0.5mH 
• Branching ratio sensitivity ~0.3%
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Dark Matter WIMPs
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• Mono-photon process e+e-→χχγ 
• ILC can probe energy scale Λ 

• up to 2TeV @250GeV 
• up to 3TeV @500GeV
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Dark Matter WIMPs
WIMPs at the ILC Moritz Habermehl

LUX and XENON100, from collider searches at LEP and LHC and from future experiments like
LZ and PICO250. Here, the couplings are tested in the range [-1,1]. Above the grey area this sim-
plified model reproduces the results of effective operators. The yellow region shows the parameter
space which will not be explored by other experiments before the ILC starts.

Figure 2: The parameter space which will not be covered by
dark matter experiments by the time the ILC will be running is
shown in yellow (68% confidence level) and blue (95% C.L.).
The computations are based on extrapolations of current and fu-
ture experiments assuming that no WIMP signal is detected. The
grey area reflects the parameter space in which the approach of
effective operators is not valid: L has to be larger than three times
the WIMP mass and above 300 GeV. [3]

3. Modelling of Signal and Background

The signal definition in this analysis comprises three requirements on the photon: a minimum
energy of 10 GeV, a maximum energy of 220 GeV and |cosqg |< 0.98. The upper cut on the energy
is applied to avoid the large background rates in the region close to the radiative return to the Z
boson, which corresponds to Eg = 242 GeV for

p
s = 500 GeV. The angle is restricted to the parts of

the detector in which the tracking performance guarantees that photons can be distinguished from
electrons and positrons.

The events are generated using WHIZARD version 2.2.8 [4], with the matrix element gener-
ator O’Mega [5]. Polarised beams are included as well as the beam energy spectrum. The gener-
ated background processes are neutrino pairs plus several photons and for the Bhabha scattering
electron-positron pairs plus several photons. The signal events ccg are obtained by reweighting
the nn̄g events using the differential cross section formulas expressed in terms of the WIMP mass
and spin.

For modelling the photons, WHIZARD offers an ISR parametrisation that comprises all or-
ders of soft-collinear photons and the first three orders of hard-collinear photons. With this the
cross sections of the considered processes are calculated with high accuracy. However, a realistic
distribution of the photon polar angle is obtained by including the photons in the matrix element.
By doing so, double counting of photons is avoided. Both approaches are combined by generating
the events with the photons in the matrix element and reweighting the cross section to the one with
the ISR parametrisation.

The events are simulated in a Geant4 based simulation of the full ILD detector model presented
in the Technical Design Report [2].

2

WIMPs at the ILC Moritz Habermehl

1. Introduction

The International Linear Collider (ILC) is a future electron-positron collider with a mature
technology [1]. Currently, a political decision in Japan is awaited. The centre-of-mass energy can
be tuned between 250 GeV and 500 GeV and is upgradable to 1 TeV. The instantaneous luminosity
for

p
s = 500 GeV is 1.8⇥1034 cm�2s�1 which can be doubled to 3.6⇥1034cm�2s�1 after a lumi-

nosity upgrade. Both the electron and position beams are foreseen to be polarised to at least ±80%
and ±30%, respectively. The ILC will have one interaction region which will accommodate the two
foreseen detectors in a push-pull scheme. The presented study is performed for the International
Large Detector (ILD) [2].

At colliders, WIMPs could be pair produced. Since the WIMPs do not leave signals in the
detector an additional particle is required to detect the process, for example a photon from initial
state radiation (ISR). We look for the signal process e+e� ! ccg whose signature is a single
photon in an otherwise "empty" detector. This approach is quasi model-independent. Due to the
known initial state, the missing four-momentum can be calculated using two observables, namely
the photon energy Eg and the photon polar angle qg .

Figure 1: Pseudo-Feynman diagram for the signal process and example Feynman diagrams for the two main
background processes: radiative neutrino pair production and Bhabha scattering.

The two main background processes are neutrino pair production and Bhabha scattering, both
with an associated photon from initial state radiation, or in the latter case also from final state
radiation (see fig.1). The neutrino background is irreducible, but can be enhanced or suppressed by
changing the polarisation combination. Bhabha scattering has a huge cross section and mimics the
signal if both leptons escape undetected. For the suppression of this background process the best
possible hermeticity in the forward region of the detector is required.

2. Motivation for an ILC Simulation Study

The theoretical framework used in this analysis are effective operators, where the underlying
idea is to classify the WIMP based on its quantum numbers (spin and weak isospin) and the medi-
ator by its spin and construct the minimal effective Lagrangian. The only parameter that remains,
L, can be called the energy scale of new physics and is a function of the mediator mass and the
coupling to the fermions g f and the coupling to the WIMPs gc : L = Mmediator/

pg f gc .
In such a framework, considering the full Lagrangian, a likelihood analysis of data of exist-

ing experiments, together with extrapolations of expected exclusion limits at the time the ILC is
running is being performed. Figure 2 shows the surviving region assuming that no WIMP signal
is detected, for the example of a singlet-like fermion WIMP [3]. Data from the following exper-
iments are considered: from the Planck satellite, from the direct detection experiments PICO-2L,

1
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Figure 5: Extrapolation of the exclusion limits from the full simu-
lation to the full range of ILC centre-of-mass energies and different
integrated luminosities, for fractions of 22.5% (left) and 40% of the
data collected with right-handed electrons and left-handed positrons.

Figure 6: The H-20 run-
ning scenario which is one
of the possible 20 years pro-
grammes for the ILC[10].

The sensitivity strongly depends on the fraction of the integrated luminosity collected with
right-handed electrons and left-handed positrons for which the neutrino background is strongly
suppressed. The rather large fraction in H20 (40%) is clearly favoured over 22.5% (compare fig.5).

A full update of the whole analysis to the new detector performance for all types of WIMPs is
underway.
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1. Introduction

The International Linear Collider (ILC) is a future electron-positron collider with a mature
technology [1]. Currently, a political decision in Japan is awaited. The centre-of-mass energy can
be tuned between 250 GeV and 500 GeV and is upgradable to 1 TeV. The instantaneous luminosity
for

p
s = 500 GeV is 1.8⇥1034 cm�2s�1 which can be doubled to 3.6⇥1034cm�2s�1 after a lumi-

nosity upgrade. Both the electron and position beams are foreseen to be polarised to at least ±80%
and ±30%, respectively. The ILC will have one interaction region which will accommodate the two
foreseen detectors in a push-pull scheme. The presented study is performed for the International
Large Detector (ILD) [2].

At colliders, WIMPs could be pair produced. Since the WIMPs do not leave signals in the
detector an additional particle is required to detect the process, for example a photon from initial
state radiation (ISR). We look for the signal process e+e� ! ccg whose signature is a single
photon in an otherwise "empty" detector. This approach is quasi model-independent. Due to the
known initial state, the missing four-momentum can be calculated using two observables, namely
the photon energy Eg and the photon polar angle qg .

Figure 1: Pseudo-Feynman diagram for the signal process and example Feynman diagrams for the two main
background processes: radiative neutrino pair production and Bhabha scattering.

The two main background processes are neutrino pair production and Bhabha scattering, both
with an associated photon from initial state radiation, or in the latter case also from final state
radiation (see fig.1). The neutrino background is irreducible, but can be enhanced or suppressed by
changing the polarisation combination. Bhabha scattering has a huge cross section and mimics the
signal if both leptons escape undetected. For the suppression of this background process the best
possible hermeticity in the forward region of the detector is required.

2. Motivation for an ILC Simulation Study

The theoretical framework used in this analysis are effective operators, where the underlying
idea is to classify the WIMP based on its quantum numbers (spin and weak isospin) and the medi-
ator by its spin and construct the minimal effective Lagrangian. The only parameter that remains,
L, can be called the energy scale of new physics and is a function of the mediator mass and the
coupling to the fermions g f and the coupling to the WIMPs gc : L = Mmediator/

pg f gc .
In such a framework, considering the full Lagrangian, a likelihood analysis of data of exist-

ing experiments, together with extrapolations of expected exclusion limits at the time the ILC is
running is being performed. Figure 2 shows the surviving region assuming that no WIMP signal
is detected, for the example of a singlet-like fermion WIMP [3]. Data from the following exper-
iments are considered: from the Planck satellite, from the direct detection experiments PICO-2L,
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with an associated photon from initial state radiation, or in the latter case also from final state
radiation (see fig.1). The neutrino background is irreducible, but can be enhanced or suppressed by
changing the polarisation combination. Bhabha scattering has a huge cross section and mimics the
signal if both leptons escape undetected. For the suppression of this background process the best
possible hermeticity in the forward region of the detector is required.

2. Motivation for an ILC Simulation Study

The theoretical framework used in this analysis are effective operators, where the underlying
idea is to classify the WIMP based on its quantum numbers (spin and weak isospin) and the medi-
ator by its spin and construct the minimal effective Lagrangian. The only parameter that remains,
L, can be called the energy scale of new physics and is a function of the mediator mass and the
coupling to the fermions g f and the coupling to the WIMPs gc : L = Mmediator/

pg f gc .
In such a framework, considering the full Lagrangian, a likelihood analysis of data of exist-

ing experiments, together with extrapolations of expected exclusion limits at the time the ILC is
running is being performed. Figure 2 shows the surviving region assuming that no WIMP signal
is detected, for the example of a singlet-like fermion WIMP [3]. Data from the following exper-
iments are considered: from the Planck satellite, from the direct detection experiments PICO-2L,

1

mχ<120GeV can be explored by ILC250
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• Higgsinos are well motivated 
• Can be light → still retain naturalness  
• But mass splitting is quite small (a few GeV to sub-GeV) → difficult at LHC 

• Good discovery potential at ILC even for degenerate case! 
• Good measurement precision also expected 

• sub-percent level for mass, percent level for cross-section
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SUSY Particle Search

LSP
Bino-like         M1 < M2, μ
Wino-like        M2 < M1, μ
Higgsino-like  μ < M1, M2

Higgsino-likeWino-like

Bino-like

(M1, M2, μ, tanβ) point 
is randomly chosen 
0.05<M1,M2,μ<2 TeV,  
1<tanβ<70

ISR	photon	+	soft	particles
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• Energy extendability is an excellent asset of ILC! 
• Longer linac 
• Higher field gradient with advancement of accelerator technology
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Physics beyond ILC250

new scenarios: H-20-CD (-δBS)

12

lumi upgrade after 
∫Ldt ~ 500 fb-1 

(double bunches)

energy upgrade after 
∫Ldt ~ 2 ab-1 at 250 
GeV in ~15 (11)y

ILC500 starts with x2 
bunches directly

(same scenario for option D)
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Option C: 

Figure 1: Candidate scenario for operating the ILC in the the first stage and in stages
with higher luminosity and energy.

3 Detectors at the ILC

Detector concepts that can deliver the required precision have been studied in two
study groups for the International Large Detector (ILD) and the SiliconDetector
(SiD), respectively. They are both designed with the particle flow paradigm in mind,
with highly granular calorimeters that are contained in the solenoid. They feature
high precision silicon vertex detectors with a trigger-less readout, a low-mass tracking
system and nearly 4⇡ coverage in solid angle. ILD features a gaseous TPC for the
central tracking detector, and has a larger calorimeter system, in a 3.5 T field, while
SiD is a more compact system with silicon tracking and a 5 T magnetic field. The
operating scenario foresees them sharing beam time in a push–pull layout, where one
of the detectors is in the beam line, while the other one is rolled out to a parking
position. The performance of the baseline design for each detector concept has been
studied in extensive simulation campaigns [5]. The requirement to carry out precision
Higgs physics measurements has a large influence on the optimization of the detector
design, and studies to improve the understanding of how detector parameters impact
the physics performance continue.

4 Higgs Physics of the 250 GeV Stage

Precision measurements of Higgs properties form one of the cornerstones of the physics
program at the ILC. Figure 2 shows the Standard Model cross sections for the dom-
inant channels of Higgs production. At 250 GeV, the associated production with a
Z boson is by far the largest contribution. The cross section of vector boson fusion
diagrams becomes sizable at higher energies.

2

Candidate scenario with staging  
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ΔMt(1s)=50MeV
ΔMH=30MeV

22

The Higgs program is already available at 250 GeV.  
Additional physics becomes available at higher energies. 

The threshold for                   is very sharp, allowing a 
measurement of the top quark mass to 40 MeV (limited by 
theory uncertainties). 

e+e� ! tt
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0.8  threshold - 1S mass 174.0 GeVtt
TOPPIK NNLO + ILC350 LS + ISR

/point-1simulated data: 10 fb
 200 MeV±top mass 

ILC

The “1S top mass” is a 
short-distance quantity, 
directly useful as input 
to grand unification, 
weak interactions, 
vacuum stability.

• Precise top measurements above top pair 
production threshold 

• Top quark mass (1S) to 40MeV 
• Useful input to GUT, vacuum stability 

• Top EW couplings at 500GeV 
• Model discrimination (composite top, extra 

dimension,…) 
• Probe new physics scale ~20TeV
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Top Physics above 350GeV

16 第 3 章トップクォーク

図 3.2: トップの質量とヒッグスボゾンの質量からわかる真空の安定性の評価

gsは強い相互作用の結合定数であり、αsとは αs = g2
s/4πの関係がある。

λ(µ = mt) =
GF M2

h√
2

+ λ(1)(µ) + λ(2)(µ) (3.3)

ここで λ(1)、λ(2)はループの補正項で、QCDと湯川結合の項であり、メインのパラメータはトッ
プ、ヒッグス、Wボゾン、Zボゾンの質量である。
図 3.2の緑の領域は標準模型で安定、黄色い領域は準安定、赤い領域は不安定を表している。こ

れまでの測定では準安定領域に位置しているが、ヒッグスの質量測定精度よりトップの不定性の
方が大きくなっている。さらに今後 LHCの解析、並びにエネルギーアップグレードによりヒッグ
スの質量の測定誤差は 100-200 MeVになるとされている。しかしトップの質量の測定精度は頭打
ちされてきているため、ILCにおけるトップの質量の決定が重要になっている。

3.2.3 崩壊幅測定
崩壊幅の測定は標準模型の確認及び新物理探索に感度がある。トップの崩壊幅は式 (3.1) で表

され、CKM行列のパラメータ Vtbに依存する。標準模型では Vtbはほぼ 1である。この値が 1か
らずれる場合、新物理の可能性を示唆している。新物理の候補としては第 4世代や標準模型以外
の粒子と結合する異常結合 (anomalous coupling)があるが、t → bH+や t → t̃χ̃0等が考えられて
いる。
異常結合を考慮したとき、トップがボトムとWへ崩壊する崩壊点の相互作用の様子は次のよう

にかける [21]。

Top EW Couplings at 500 GeV

25

[Poeschl,Richard]

• ILC precision allows model discrimination 
• sensitivity in gZL, gZR plane complementary to LHC 
• Can probe new physics scales of ~20 TeV in typical scenarios  

(… and up to 80 TeV for extreme scenarios)

, SUSY

Sensitivity to huge 
variety of models 

with  
compositeness 
and/or extra-
dimensions 

complementary 
to resonance 

searches

The Top Quark
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• Top Yukawa coupling 
• Ecm > 475GeV 
• Precision δyt 

• 6.3%(2.5%) at 500(550) GeV 
• 2% at 1TeV, 4ab-1 
• Probe new physics scale ~20TeV
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の測定器提案：ILD と SiD（図 13）は、これらの長所
を最大限に活かす設計となっている。これらの測定器

図 13: ILC 実験のための２つの測定器提案：ILD (左)

と SiD (右)。

は、全ての事象をクォーク、レプトン、ゲージボソン、
ヒッグスボソン等、基本粒子のレベルで再構成し、あ
たかもファイマン図を見るがごとくに反応を調べると
いう、さらに野心的な目標を掲げている。そのため、
これらの測定器は、ともに一次反応点、二次および三
次反応点を検出する事で b-クォーク、c-クォークの同
定を可能とする高性能反応点検出器、それに高分解能
荷電粒子飛跡検出器、高細密度カロリメータを組み合
わせた粒子流解析（Particle Flow Analysis：PFA）に
最適化されている。PFA を用いたジェット不変質量測
定により、W、Z、t、そして H を弁別する（図 14）。
さらに立体角をビーム軸に向かい O (10mrad) あるい
はそれ以下の角度まで隙間なくカバーする事でニュー
トリノなど不可視粒子を運動量欠損として間接的に検
出する。ILD も SiD も全てのカロリメータを測定器
ソレノイドの内側に格納している点に注意してもらい
たい。これは、PFA 性能を悪化させる物質量を最小
化するだけでなく、隙間なく立体角をカバーするため
にも必要なのである。
ビーム偏極の重要性を強調しておく事も重要である。
例えば、e+e− → W+W− 反応を考えてみよう。ILC

で実験するような高いエネルギーでは，電弱対称性：
SU(2)L ⊗U(1)Y が近似的に回復する。その結果、こ
の反応は、s-チャンネルW3交換と t-チャンネル νe 交
換の２つのダイアグラムを通じて起こると見なせる。
ところが、W3も νe も左巻き電子にのみ結合する。そ
こで、ビームに含まれる右巻き電子はこの反応に寄与
しなくなる。これは、ILC における最も重要なヒッグ
ス粒子生成反応の１つ：e+e− → νeν̄eH（WW -融合
１ヒッグス生成過程）の場合にも言える。電子ビーム
が 80% 左巻きに編曲しており、また、陽電子ビーム
が 30% 右巻きに偏極していれば、この WW -融合過
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図 14: ジェットモードでの基本粒子の検出

程の断面積は、無偏極の場合の 2.34 倍になる。よう
にビーム偏極は極めて重要な役割を果たす。

4.2 何故 250 から 500GeV なのか?

第一期 ILC は、重心系エネルギー 250GeV から
500GeV をカバーする電子・陽電子コライダーであ
る。このエネルギー領域を選択する理由は、そこに以
下に述べる３つの重要なエネルギーしきい値が含まれ
るためである。第１のしきい値は √
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図 15: 何故 250-500GeV？ ３つのエネルギーしき
い値。

にある。ここでは、e+e− → Zh 反応がその断面積の
最大値に達する。この反応は、ヒッグス粒子の質量、

㸯㸫 ��

Figure 3: Cross section of the ttH channel in fb (blue curve) and uncertainty of the
top Yukawa coupling measurement for di↵erent collision energies at the ILC. The
values are scaled relative to the values at 500 GeV.

intrinsic detector resolution being a major source of systematic uncertainty, the cur-
rent estimate for the achievable uncertainty on the tri-linear self-coupling constant in
the baseline program is 27% [14]. An energy upgrade to 1TeV will reduce this uncer-
tainty to around 10%. The extraction of the Higgs self-coupling from an analysis of
double-Higgs events is challenging, due to the many possible beyond-Standard-Model
contributions. As shown by Barklow, Fujii, Jung, Peskin and Tian [10], the precision
measurements from the full ILC program will constrain the theory parameter space
e↵ectively, and therefore enable a measurement of the Higgs self-coupling with a high
degree of confidence from double Higgs production.

6 Conclusions

The ILC baseline program o↵ers a comprehensive picture of the Higgs sector and
allows for a self-consistent global fit of all couplings to achieve the greatest precision.
Figure 4 shows the development of the coupling measurements over time in Scenario
“H”. The precision for the measurements of the properties of the Higgs boson in the
full ILC program in that scenario is described in the previous sections, with additional
improvements coming from runs of a 1TeV ILC option.

The constraints on new physics and potential to attribute the pattern of Higgs
couplings to one of 10 select benchmark points is summarized in Figure 5. The devi-
ation from the Standard Model in the pattern of Higgs couplings has been simulated
for a range of di↵erent models [11]. The significance (in sigma) of the separation
between any two models is shown in the figure. The study shows that in the full ILC
program including the 500 GeV stage, precision measurements of Higgs couplings not

7
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• Measurement of triple Higgs boson self-
coupling via ZZh, ννhh 

• Shape of Higgs potential 
• Nature of EWSB 
• EW Phase transition (1st order or 2nd order?) 
• Need a strong first-order EW phase transition for EW 

baryogenesis 
• Very important, but quite challenging  

• Small cross section (0.2fb for Zhh at 500GeV) 
• Multi-jet final states 
• Interfering diagrams 

• Expected precision 
• 27% at ILC 500GeV, 4ab-1 

• 19% at CLIC (1.4TeV, 1.5ab-1 + 3TeV 2 ab-1) 
• Analysis still improving aiming at O(10)% 
• Strongly depends on value of λ/λSM 

• Large enhancement in many BSM models up to 
×1.5-3
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Higgs Self-coupling

The Higgs self-coupling

27

[arxiv:1506.07830]

1st order, required  
for EW baryogenesis

2nd order, SM with 
MH = 125 GeV

The Higgs Boson …

…and the universe
• determines shape and evolution  

of Higgs potential => cosmology! 

• many BSM models influence ,, 
deviations from SM value can be  
large! E.g.: 

• up to O(100%) in general 2HDMs,  
even if other couplings are SM-like 
[c.f. e.g. Phys.Lett. B558 (2003) 157-164] 

• electroweak baryogenesis requires , > 1.2 ,SM 
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Figure 3: (a) Cross sections of the two major double Higgs production processes at the
ILC normalized to the SM values as a function of �/�SM , (b) Expected relative precisions
on � as a function of �/�SM for those two processes.

interactions. It is very possible that, while the t quark might respect Standard Model ex-
pectations at the LHC, it will break those expectations when studied with higher precision
at the ILC.

Top Quark Mass: One of the unique capabilities of an e+e� collider is the ability to
carry out scans of particle production thresholds. The tt̄ pair production threshold around
a centre-of- mass energy

p
s ⇡ 2mt enables a precise measurements of the t quark mass

mt in theoretically well-defined mass schemes. This is in contrast to the mass measure-
ments at the LHC, where the highest precision is obtained in measurements relying on
the use of event generators, resulting in additional, currently not well understood, uncer-
tainties when translating the experimental result to mass definitions used in theoretical
frameworks.

Using the methodology described in [63] with state-of-the-art NNNLO QCD calculations
of tt̄ production [64] as input, the e↵ects of the ILC luminosity spectrum and initial
state radiation as well as signal e�ciencies and background contributions are taken into
account. From the simulated data points, the statistical precision as well as theoretical
uncertainties based on NNNLO scale uncertainties are extracted following the techniques
developed in [65,66], resulting in a statistical precision of �mt ⇡ 13MeV. At present, the
scale uncertainties result in a theory systematic of ⇠40 MeV, which is comparable to the
expected experimental and parametric systematics. Table 1 summarizes the current status
of the estimated uncertainties of the top quark mass measurement in a threshold scan.
These studies are performed assuming unpolarized beams. In the combined uncertainties,
the lower end of the given range illustrates the e↵ect of some mild improvements assumed
on ↵s and theory uncertainties expected by the time of ILC data taking, as well as a
better suppression of non-tt̄ background due to the capability for high beam polarization
of electrons and positrons at the ILC.

The dependence of the t quark cross section shape on the t quark mass and interactions is
computable to high precision with full control over the renormalisation scheme dependence
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Progress in Project Promotion
• Official investigation by Japanese government (MEXT) is in progress after the 

recommendation of Science Council of Japan 
• ILC advisory panel was setup by MEXT in 2014 with four working groups to 

discuss possible issues of ILC 
• “Particle and Nuclear Physics”, “TDR validation”, “Human resources”, 

“Organization and management” 
• Federation of Diet members for ILC, industries (AAA) and local governments 

strongly support ILC 
• MEXT and DOE set-up “Discussion group” and start cooperative R&D on ILC cost 

reduction 
• Governmental discussions will be expanded to Europe and Asia 
• Started serious discussion on staged execution of project, starting as “Higgs 

factory” at 250GeV 
• Studies on physics case for ILC250 by LCC physics working group (arXiv:

1710.07621) and Japanese HEP community (arXiv:1710.08639) 
• New statement from Japanese HEP community in July 2017 
• LCC study on ILC machine with staging scenario (arXiv:1711.00568)
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• The committee members consist primarily of members of the ATLAS collaboration, the 
Belle II collaboration, and theorists. The committee aimed to give an assessment on 
the physics case of the ILC250 in a way that is independent from the ILC community.  

• Not an advertisement by ILC community!
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Report by the Committee on the Scientific Case of 
ILC Operating at 250 GeV as Higgs Factory

 14 

 

 Future energy upgrade scenarios should be discussed based on the findings of the energy scale of 

new phenomena and new principles as in point (a) above, or the CM energy will be upgraded, as 

before, upto 350, 500 GeV or 1TeV based on points (b) and (c). 

 

Conclusions 

The conclusions of this committee are the following four points: 

 
l In order to maximally exploit the potential of the HL-LHC measurements, concurrent 

running of the ILC250 is crucial. 
l LHC has not yet discovered new phenomena beyond the Standard Model. The ILC250 

operating as a Higgs Factory will play an indispensable role to fully cover new 
phenomena up to Λ~2–3 TeV and uncover the origin of matter-antimatter asymmetry, 
combing all the results of ILC250, HL-LHC, the SuperKEKB, and other experiments. 
Synergy is a key. 

l Given that a new physics scale is yet to be found, ILC250 is expected to deliver 

physics outcomes, combined with those at HL-LHC, SuperKEKB and other 
experiments, that are nearly comparable to those previously estimated for ILC500 in 
precise examinations of the Higgs boson and the Standard Model. 

l The inherent advantage of a linear collider is its energy upgradability. The ILC250 has 
the potential, through an energy upgrade, to reach the energy scale of the new physics 
discovered by its own physics program. 

 

 

 

 

 

 Many thanks to T.Tanabe (ICEPP, U.Tokyo), T.Nakada (EPFL) , H.Aihara (U.Tokyo) and 

S.Komamiya (U.Tokyo) for useful discussions and suggestions to translate the original document 

into English. 

 

Conclusion of the report: 

arXiv:1710.08639
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A New Statement from Japanese HEP community

• Scientific Significance of ILC and Proposal of its Early Realization 
in light of the Outcomes of LHC Run 2 
                                        JAHEP, Jul. 22nd, 2017

“… To conclude, in light of the recent outcomes of LHC Run2, 
JAHEP proposes to promptly construct ILC as a Higgs factory 
with the center-of-mass energy of 250 GeV in Japan”
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• Conclusions on the 250 GeV ILC as a Higgs Factory proposed by the 
Japanese HEP community  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Report from LCB

Conclusions on the 250 GeV ILC as a Higgs Factory proposed

by the Japanese HEP community

- Short Summary -

Linear Collider Board

8 November 2017, Rev 1

Physics studies by the Linear Collider Collaboration Physics and Detector Group [1], and
the Japanese Association of High Energy Physicists (JAHEP) [2] show a compelling physics
case for constructing an ILC at 250 GeV centre of mass energy as a Higgs factory. The
cost of such a machine is estimated to be lower by up to 40% compared to the originally
proposed ILC at 500 GeV [3]. The acceleration technology of the ILC is now well established
thanks to the experience gained from the successful construction of the European XFEL
in Hamburg. One of the unique features of a linear collider is the capability to increase
the operating energy by improving the acceleration technology and/or extending the tunnel
length. For these reasons, the Linear Collider Board strongly supports the JAHEP proposal
[4] to construct the ILC at 250 GeV in Japan and encourages the Japanese government to
give the proposal serious consideration for a timely decision.

In recent examples of similar international projects1, the host country made the ma-
jority contribution. A natural expectation would be that the cost for the civil construction
and other infrastructure is the responsibility of the host country, while the accelerator con-
struction should be shared appropriately. A clear expression of interest to host the machine
under these principles would enable Japan to start negotiations with international part-
ners. It would also allow members of the international community to initiate meaningful
discussions with their own governments on possible contributions.

References

[1] K. Fujii et. al. (Linear Collider Collaboration), “Physics Case for the 250 GeV Stage
of the International Linear Collider”, DESY-17-155 / KEK Preprint 2017-31 / LAL
17-059 / SLAC-PUB-17161, arXiv:1710.07621 [hep-ex].

1Recent examples in the field close to the ILC are European XFEL and FAIR in Germany.

1
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ICFA Statement
• ICFA Statement on the ILC Operating at 250GeV as a Higgs 

Boson Factory 
           ICFA, Nov. 8th, 2017

“… ICFA thus supports the conclusions of the Linear Collider 
Board (LCB) in their report presented at this meeting and very 
strongly encourages Japan to realize the ILC in a timely fashion as 
a Higgs boson factory with a center-of-mass energy of 250 GeV 
as an international project, led by Japanese initiative.”
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Time Line

 

 

Advance Accelerator Association of Japan 
(AAA) 

The AAA is an ILC supporting organization from the 
industry sector in Japan. More than 100 industrial 
companies, such as Mitsubishi Heavy Industry, Hitachi, 
Toshiba, Mitsubishi Electric, Kyoto Ceramic, and more 
than 40 research institutes and universities from academic 
sector participate in the AAA. Working groups, such as 
accelerator technologies, large facilities and public 
relations are formed in AAA, and are very active. This 
organization works closely with scientists as well as the 
Federation of Diet Members. 

Project Plan 

In Table 1, necessary steps towards the project approval 
is given. In the beginning inter-governmental discussions 
on the sharing of cost and human resources, and on the 
organization and schedule are going to start without 
commitment. After the Japanese cabinet’s approval of 
ILC project, international agreement with commitment 
will be signed by the governments and the ILC lab will be 
established. Since the budget system, the budget profile of 
other large projects, and the approval convention are 
different from country (region) to country (region), 
deliberate agreements should be contracted after 
extensive discussions.   

Table 1: Necessary Steps Towards the Approval 

Step Item timeline 

(1) Technology Choice 2003 

 

(2) 
R&D and design of the machine 

and detector by international team 

⇒ Technical Design Report 

 

 

2013 

(3) 
 

Official investigation and reviews 
of the ILC project by MEXT  

           
Now 

 

(4) 
To facilitate/prepare 
intergovernmental discussions for 
sharing of cost, human resources 
and the schedule without 
commitment  

 

Starting 

(5) MEXT green signal  

 

(6) 
Endorsement of Council of Science, 
Technology and Innovation (CSTP, 
chaired by the Prime Minister) 

 

(7) Cabinet Decision  

 

(8) 
International agreement with 
commitment ⇒ establishment of 
the ILC laboratory  

 

 

The timeline of the ILC project is shown in the Table 2. 
After the green sign of the Japanese Government it is 
necessary to have 4 years of the preparation period before 
the construction. In this period management structure, 
procurement and inspection methods, especially for the 
SCRF items, handling of intellectual properties, etc. must 
be established. The project management should be done 

by a combined team of scientists, government officials 
and experienced persons from industries, who have 
involved in management of large scale projects.      

Table 2: Timeline for the ILC Project 

Years 
need 

Item 

2 Preparation period  
Continuation of high-tech R&D   (now) 

4 Preparation for the ILC construction 

(with real budget) 

9 

 

Construction 

6th year   Start Installation 
7th year  Start of step-by-step accelerator test   

1 Beam Commissioning 

~8 Physic Run (500, 350, 250 GeV) 
~ Run with Luminosity upgrade (250, 500 

GeV) 
TBD Energy Upgrade to ~ 1 TeV 

 

CONCLUSION 
Grounded on the discovery of the Higgs Boson at the 

LHC, the aim of the ILC is to determine the direction of 
particle physics beyond the Standard Model. The ILC 
accelerator technology is mature and ready to construct as 
described in the TDR issued in 2013. Since the ILC 
project is truly international, it is essential to discuss share 
of project cost and human resources, and the project 
management and schedule, among the governments 
before the construction. Japanese government is seriously 
investigating the feasibility to host the project. 
Preliminary diplomatic discussions have been started 
among governments.   
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• International Linear Collider (ILC) is a proposed electron-positron collider with 
a well-established design based on matured technologies with excellent 
features; 

• Clean environment, well-defined initial state, beam polarisation, energy scan, energy extendability 
• ILC offers unique physics opportunities to address the important questions to 

which SM cannot answer with 
• Precision measurements in Higgs, top, and electroweak sectors 
• Discovery potential for new particles 
• Complementary to HL-LHC reach 

• Proposal for phased execution of ILC project for its early realisation 
• Construct ILC at 250GeV as a Higgs factory in Japan 
• Significant reduction of initial cost by up to 40% 
• Strong physics case of ILC250 has been clarified 
• Positive response everywhere! 

• We should expect some (hopefully positive) action from the Japanese 
government quite soon, say, within next year 2018.
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Summary

Stay tuned!


